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be successfully incorporated into the dispersion. These dispersions were characterised using XPS, SEM, 
zeta potential and particle size measurements which showed that the dispersion stability is not sacrificed 
with the addition of GOx, and significantly, the electrical properties of the rGO and MWCNTs are 
maintained. In this study, rGO acts as an effective dispersing agent for MWCNTs and does not affect the 
solubility or electroactivity of the GOx. Bioelectrodes fabricated from these rGO–MWCNT–GOx 
dispersions were characterised electrochemically to test their feasibility in facilitating direct electron 
transfer (DET) from the redox centre of the enzyme to the electrode. The DET results showed that the 
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Aqueous Dispersions of Reduced Graphene Oxide and Multi Wall Carbon Nanotubes for 
Enhanced Glucose Oxidase Bioelectrode Performance 
Willo Grosse, Joffrey Champavert, Sanjeev Gambhir, Gordon G. Wallace* and Simon E. Moulton*  
ARC Centre of Excellence for Electromaterials Science, Intelligent Polymer Research Institute, 
University of Wollongong, New South Wales 2522, Australia. 
Abstract: 
Aqueous dispersions of reduced Graphene Oxide (rGO) and multi walled carbon nanotubes 
(MWCNT) were fabricated through a modified chemical reduction method. The significant 
advantage of the method developed here is the omission of any stabilizing compound or organic 
solvent to obtain stable rGO-MWCNT dispersions. Significantly biological entities, in this case the 
enzyme glucose oxidase (GOx), can be successfully incorporated into the dispersion. These 
dispersions were characterised using XPS, SEM, zeta potential and particle size measurements which 
showed that the dispersion stability is not sacrificed with the addition of GOx, and significantly, the 
electrical properties of the rGO and MWCNTs are maintained. In this study, rGO acts as an effective 
dispersing agent for MWCNTs and does not affect the solubility or electroactivity of the GOx. 
Bioelectrodes fabricated from these rGO-MWCNT-GOx dispersions were characterised 
electrochemically to test their feasibility in facilitating direct electron transfer (DET) from the redox 
centre of the enzyme to the electrode. The DET results showed that the specific catalytic current 
generated at an optimized rGO-MWCNT-GOx electrode was 72 µA/µg GOx, which is 144 times 
more efficient than other literature values for similar systems. The remarkable specific catalytic 
current can be attributed to the use of purified enzyme, the efficiency of charge transfer within the 
rGO-MWCNT composite and the ability of the electrode to facilitate direct electron transfer. 
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1. Introduction 
Unique electrode architectures have been fabricated from processable solutions of carbon nanotubes. 
These include fibres [1], films [2] and hydrogels [3], the formation of which usually requires a 
surfactant or organic solvent [4] to suspend the highly insoluble carbon nanotubes [5]. The addition 
of surfactants has detrimental effects on the electrical properties of the final electrodes and whilst 
organic solvents provide an alternative dispersing media to surfactants these have limitations in 
terms of being inappropriate to use with biological systems [6]. Therefore it would be highly 
beneficial for carbon nanotubes to be suspended in an aqueous solution, without the need for such 
surfactants or organic solvents. 
Recently, graphene has been praised as a new nanomaterial with the potential for large scale 
production in aqueous media [7]. Graphene oxide (GO) is a highly dispersible form of graphene due 
to its surface functionalities, with chemical reagents [8], high temperatures [9] and electrochemical 
methods widely used to reduce GO into a more conducting form with less basal plane oxygen-
containing functionalities [10]. Of significant importance is that the conducting reduced GO (rGO) is 
stable in an aqueous dispersion and as such has the versatility of being amenable to a range of 
solution processing techniques. 
Graphene oxide-carbon nanotube (GO-CNT) composites have been the subject of significant 
research interest with studies aimed at characterising the enhanced electrical properties 
[11][12][13][14] of the composites or modelling the complex interaction between the two allotropes 
of carbon [15][16][17]. It has been shown that graphene has a higher electroactive surface area than 
carbon nanotubes [13][18][19]. However, carbon nanotubes can effectively bridge [20] graphene 
sheets resulting in improvements in sheet resistivity [12] for composite materials. It is still unclear as 
to how graphene and CNTs interact on a molecular level in solution with some reports suggesting the 
graphene sheets wrap around carbon nanotubes [18] while others hypothesise that carbon nanotubes 
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inhibit the aggregation of suspended graphene sheets [13]. The formation of  Schottky barriers play a 
significant role in determining the electrical properties of the final composite, regardless of what type 
of graphene or carbon nanotube system is being employed [20][21]. To date the reduction of GO-
CNT composites has been performed chemically [8], electrochemically [22] or through heat 
treatment [18][23], and in most cases this reduction has occurred after electrode fabrication or in the 
presence of stabilising agents  such as polyethyleneimine or hydrazine [24].  
Carbon nanotubes have been extensively used in electrode structures for enzymatic biosensors 
[25][26][27] and biofuel cells [28][29][30]. The high aspect ratio and good electrical properties 
makes them ideal candidates for use with bio-catalysts due to their ability to access the enzyme’s 
active site and facilitate direct electron transfer (DET). Graphene has also received some attention in 
this regard[31][32]. However, to our knowledge composite graphene-carbon nanotube electrodes 
have not been investigated for use in biological applications. Essentially, rGO’s ability to act as an 
effective dispersing agent for the MWCNTs and the enzyme in an aqueous system allows the 
fabrication of novel bioelectrodes. 
It is well documented that glucose oxidase physically immobilised in a CNT [33] or rGO [31]  
electrode can undergo fast electron transfer with the electrode. In the presence of glucose (equation 
1) [34], the flavine adenine dinucleotide (FAD) active centre of GOx converts from GOx(FAD) to 
GOx(FADH2) (equation 2) [35], the oxidised and reduced forms respectively. The electrons 
generated create a catalytic current that can be measured electrochemically and is one of the ways in 
which these types of electrodes can be characterised.  
GOx(FAD) + Glucose → GOx(FADH2) + Glucolactone  (1) 
GOx(FAD) + 2e- + 2H+ ↔ GOx(FADH2)    (2) 
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Harsh organic solvents have been used to stabilise rGO-CNT suspensions [12], however, these 
systems are unsuitable for biological applications unless the solvent is completely removed before 
biological entities are incorporated. It is therefore useful to have a technique that allows for 
biologically relevant components to be integrated during the solution-processing phase of electrode 
fabrication. It has been extensively shown that cells [36][37] respond to electrical stimuli and 
enzymes [32] can be electrically wired to conducting materials, and as such achieving an intimate 
connection between the biological entity and the materials is critical for the performance of advanced 
medical devices. The ability to solution process dispersions of conducting materials together with 
biological entities could facilitate this intimate connection. Additionally, these dispersions allow for 
existing solution phase fabrication techniques, including fibre fabrication for nerve regeneration [38] 
and printable implantable electronics [39], which could open the door to a new range of 
bioelectrodes. 
In this paper we report a novel method for the successful formation of aqueous rGO-MWCNT 
dispersion without the use of other stabilising agents. In addition we show that it is possible to 
incorporate the enzyme glucose oxidase (GOx) into the dispersion without compromising the 
biological activity of the enzyme.  We show that the electrodes formed from these rGO-MWCNT-
GOx solutions achieve very efficient DET signals and outperform many of the previously reported 
rGO and MWCNT based enzyme electrodes in terms of catalytic current. An aqueous based “one-
pot” processing strategy for the development of biologically compatible carbon electrodes will have 
a profound effect on the development of advanced electrodes for biomedical applications. 
2. Experimental 
2.1 Reagents and Materials 
Graphene Oxide (GO) was synthesized from graphite by a modified Hummers method and 
suspended in MilliQ water [40][41]. Multi-walled carbon nanotubes (MWCNT) (purchased from 
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NanoAmor at 99.9% purity) were used as received without further purification. Hydrazine (Sigma-
Aldrich, 35 wt% in water) and ammonia solution (Crown Scientific, 28 wt% in water) were used to 
chemically reduce GO [7]. Glucose oxidase from Asperilligus niger (GOx) (Sigma-Aldrich) was 
purified [42] before use and stored at 0.5 mg/mL in a phosphate buffer solution (PBS) (pH = 5, 50 
mM) at -80˚C in small aliquots (1.5 mL) and was defrosted and stored at 4˚C when required. The 
specific activity of the purified GOx was determined using an ABTS Assay [43] and measured to be 
~ 450 U/mg. The purification protocol reported by Gao et al. was slightly modified to ensure 
sufficient binding of this protein to the anionic exchange column, but otherwise the protocol was 
adhered to. A 1 mg/ml solution of poly(ethyleneimine) (SigmaAldrich) was prepared in an aqueous 
0.5 M solution of NaCl (SigmaAldrich). A 1 M solution of D-(+)-glucose in PBS (pH 7.2, 50 mM) 
was prepared and allowed to mutarotate for 24 hours at 4˚C before use [44]. Glassy Carbon 
Electrodes (GCE) with a diameter of 3 mm were used for all experiments. 
2.2 Dispersion preparation and characterisation  
MWCNTs were weighed out and added to 10 mL of GO (0.5 mg/mL) in water with the following 
weight percent of MWCNTs; 0 %, 10 %, 33 %, 50 %, 85 %, 90 % and 100 %. In order to suspend 
the MWCNTs effectively the GO-MWCNT solution was subjected to horn sonication (Branson 
Digital Sonifier – 500W) for 1 hour (30% amplitude, 2 sec ON, 1 sec OFF) in an ice bath to form a 
series of stable composite dispersions. Each dispersion was chemically reduced by taking 10 mL of 
composite dispersion and adding 10 mL of MilliQ water, 10 µL of 35 wt% hydrazine and 70 µL of 
28 wt% ammonia solutions. The mixture was then shaken vigorously for 5 minutes and left for 1 
hour at 95˚C for reduction to take place. The final concentration of rGO was 0.25 mg/mL after 
reduction and the weight fraction of MWCNTs for each sample is given by the following labelling 
system throughout this manuscript. rGO-MWCNT10 represents a rGO-MWCNT dispersion 
containing 10% wt MWCNTs or rGO-MWCNT90 to represent a rGO-MWCNT dispersion 
containing 90 wt% MWCNTs and so on. Additionally, when the label rGO is used it signifies that no 
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MWCNTs are present and similarly, when MWCNT is used it signifies that no rGO is present. The 
composite dispersions were characterised by X-ray Photoelectron Spectroscopy (XPS), optical 
microscopy (Leica optical microscope), scanning electron microscopy (SEM) (JEOL Cold Field 
Emission Gun Scanning Electron Microscope), zeta potential and particle size analysis (Zetasizer 
Nanoseries, Malvern Instruments). The dispersions were dried at 80ºC under vacuum overnight 
before Fourier Transform – Infrared (FT-IR) analysis. An IRPrestige-21 Fourier transform infrared 
spectrophotometer (Shimadzu) was used to analyze the functional groups. KBr powder was used and 
the scanning was performed in the range of 4000–400 cm−1. 
2.3 Electrode fabrication and characterisation  
Glassy carbon electrodes (GCE) of 3 mm diameter were polished using a series of alumina powder 
slurries with various particle sizes, namely 1 µm, 0.3 µm, 0.1 µm and 0.05 µm. The electrodes were 
then subjected to bath sonication in MilliQ water for 10 minutes, before being dried by a nitrogen 
stream. 10 µL of the above rGO-MWCNT dispersions was added to 10 µL of purified GOx (0.5 
mg/mL in 50mM PBS, pH 7 – unless otherwise stated) and gently mixed by pipette before drop 
casting 5µL onto a clean GCE. These electrodes were placed in a refrigerator at 5˚C and left until dry 
before a final layer of poly(ethyleneimine) (PEI) (5 µL of 1 mg/mL in 0.5 M NaCl) was drop cast to 
entrap the enzyme, and again allowed to dry at 5˚C 
A series of electrodes were also prepared in a similar fashion for electrochemical impedance 
spectroscopy (EIS) analysis, however the rGO-MWCNT aqueous dispersions were drop cast without 
the GOx and PEI layers. Once dry, the electrodes were electrochemically tested in 10 mM 
ferrocenemethanol (FcMeOH) in PBS (50 mM, pH 7) to characterise the charge transfer resistance of 
each rGO-MWCNT composition. EIS was performed at an oxidising potential for FcMeOH (+0.28V 
vs. Ag/AgCl reference electrode) in the frequency range 0.1 to 100000 Hz at an AC amplitude of 5 
mV. 
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All enzyme electrochemistry tested with glucose in solution (henceforth referred to as the catalytic 
response) was performed at 37˚C with a PBS (pH 7, 50mM) supporting electrolyte under a blanket of 
argon gas. Initially the dissolved oxygen was removed from the electrolyte by bubbling argon 
through for at least 15 min. Cyclic voltammetry was used to characterise the electrodes both with and 
without enzyme for 20 cycles at 50 mV/s, which was sufficient to achieve stable electrochemistry 
before the sweep rate was dropped to 10 mV/s for steady state analysis.  
3. Results and Discussion 
3.1 Dispersion and electrode properties 
MWCNTs were dispersed by sonication in an aqueous dispersion of GO prior to the reduction 
process. GO-MWCNT dispersions were characterized by X-ray photoelectron spectroscopy (XPS) 
before and after hydrazine reduction to quantify the ratio of carbon to oxygen containing groups in 
the final dispersion. It is evident in Figure 1(a) and (b) that there is a significant decrease in C-O 
content (286 eV) relative to the C=C/C-C peak (284 eV) after chemical reduction of a GO dispersion 
[45][46]. This shows the extent of oxygen defects removed from the GO sheets that contribute to the 
number of sp2 bonded carbon sites, directly affecting the electrical resistivity of the material 
[47][48]. The peak at 288 eV corresponds to C=O groups, which are the remaining oxygen 
containing groups responsible for keeping the rGO dispersion electrostatically stable [7].  
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Figure 1  XPS data for GO dispersions before (a) and after (b) hydrazine reduction. 
 
The same characterisation was performed on a GO-MWCNT50 dispersion (data not shown), 
however, the carbon-carbon peak at 284 eV dominated the spectra and the carbon to oxygen ratio 
was difficult to determine. Using XPS analysis it is inconclusive whether reduction of GO occurs in 
the presence of MWCNTs. FT-IR analysis (Figure 2) suggests that chemical reduction in fact does 
occur with the disappearance of the broad carboxylic acid band at ~ 3100 cm-1 after reduction for 
samples with and without MWCNTs present, as well as the feature at 1724 cm-1 which corresponds 
to C=O stretching vibration peak that also diminishes after reduction[49]. The disappearance of the 
oxygen containing group features indicates chemical reduction has occurred in the presence of 
MWCNTs. 
 







It has been reported [7] that rGO has a higher conductivity than GO, and therefore electrochemical 
impedance spectroscopy (EIS) was used to investigate the electrical properties (namely the charge 
transfer resistance - Rct) of films formed from GO-MWCNT dispersions before and after the 
chemical reduction treatment. A decrease in the Rct after chemical reduction of a film formed from a 
GO-MWCNT dispersion would indicate that the GO has been reduced to its more conducting rGO 
form. For the GO dispersions with 0 wt% MWCNTs, the Rct before and after chemical reduction was 
166 ± 31 Ω and 108 ± 2 Ω, respectively. This indicates that rGO is significantly more conducting 
than GO and supports XPS data suggesting reduction of GO has occurred. Figure 3 shows that for all 
weight % MWCNTs the rGO samples exhibit a lower Rct compared to the same samples before 
reduction suggesting that reduction has occurred in the presence of MWCNTs and highlighting the 
fabrication of a conducting composite dispersion. There is a notable decrease in Rct before reduction 
(GO profile, Figure 3) as the amount of MWCNTs was increased from 0 wt% to 33 wt% due to the 
MWCNT’s inherently high conductivity. There is no statistical difference for samples that have 




Figure 3 Charge transfer resistance of GO and rGO drop cast electrodes as a function of MWCNT 
loading.  
 
The reduced dispersions were drop cast onto aluminium foil for SEM analysis with Figure 4 showing 
each rGO-MWCNT ratio. The rGO (Figure 4a) exhibits the characteristic wrinkle features [50] of 
drop cast graphene. As the MWCNT content is increased from rGO-MWCNT10 (Figure 4b) through 
to rGO-MWCNT90 (Figure 4e), the MWCNT features become dominant with some rGO wrinkles 
still visible. For MWCNT (Figure 4f) samples characteristic features of entangled MWCNTs are 
evident and it seems to be a less homogenous film compared to when rGO is present. The insets in 
Figure 4 are the optical micrographs of each of the respective dispersions used to form the films for 
SEM. The optical micrographs demonstrate the quality of each dispersion ratio and it is evident that 
rGO is very effective as a dispersing agent given that when no rGO is present (inset Figure 4f) 
MWCNT aggregation is obvious. It was also observed that the qualities of the dispersions before and 
after chemical reduction were identical thus highlighting the attractive nature of this rGO-MWCNT 





















Figure 4 SEM micrographs of rGO-MWCNT composite dispersions at various weight % MWCNTs 
drop cast on to Al foil. Inset: Optical images for each dispersion. White scale bars represent 1 µm for 
SEM images and black scale bars represent 1 mm for optical images. (a) rGO, (b) rGO-MWCNT10, 
(c) rGO-MWCNT33, (d) rGO.MWCNT85, (e) rGO.MWCNT90 and (f) MWCNT.  
 
The dispersion properties were also characterised by SEM and optical microscopy after the addition 
of the glucose oxidase (GOx) enzyme to the dispersions (Figure 5). The images in Figure 5 show the 
films formed from rGO-MWCNT10 with (a) and without (b) the addition of GOx and rGO-
MWCNT90 with (c) and without (d) GOx addition. It is evident in both samples that rGO and 
MWCNTs form a homogenous film (Figure 5a and c) and when the enzyme is present the biological 
entity is incorporated into the homogenous film (Figure 5b and d). Carbon nanotube features are 
more predominant in the rGO-MWCNT90 sample, as expected, and show thorough interaction 
between the carbon nanomaterials and the enzyme with MWCNTs protruding through the 
characteristic features of GOx. The optical micrographs (inset Figure 5) show that dispersion quality 
is not sacrificed when enzymes are present. These results give some indication that firstly, the 
(a) (b) (c) 
(d) (e) (f) 
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enzyme does not destabilize the dispersion, and secondly, that there seems to be extensive physical 
interaction between the enzyme and the carbon materials which may facilitate DET.  
 
 
Figure 5 SEM micrographs of rGO-MWCNT and rGO-MWCNT-GOx composite dispersions drop 
cast on to Al foil. Inset: optical images for each dispersion. White scale bars represent 200 nm for 
SEM images and black scale bars represent 1 mm for optical images. (a) rGO-MWCNT10, (b) rGO-
MWCNT10-GOx, (c) rGO-MWCNT90 and (d) rGO-MWCNT90-GOx. 
 
Zeta potential and size analysis was carried out on rGO dispersions of various weight % MWCNTs 
and each demonstrated similar and reproducible zeta potentials averaged at -45.6 mV, all within an 
average standard deviation of 9.6 mV. Zeta potential values more negative than –30 mV are 
considered to represent sufficient electrostatic repulsion to ensure a stable dispersion [51]. There was 
no trend in zeta potential in relation to the amount of MWCNTs present, which indicates the entire 
(c)  (d)  
(b)  (a)  
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rGO-MWCNT concentration range represents electrostatically stable systems. Particle size analysis 
gives more quantitative information given that through optical analysis the MWCNT sample was 
obviously not a stable dispersion (inset Figure 4f). The particle size distribution analysis showed 
good consistency for all samples from rGO through to rGO-MWCNT90 which had average 
polydispersity index (PDI) values for day 1 and day 50 of 0.271 ± 0.04 and 0.324 ± 0.06, 
respectively (Table 1). These relatively large PDI values arise from the nature of the analysis which 
assumes spherical particles, with an ideal spherical, narrow monomodal system having a PDI < 0.1. 
The dispersions, however, are composed of relatively flat sheets of rGO and cylindrical particles of 
MWCNTs so the following particle size data analysis is only relevant for comparison within this 
experiment. It is evident that there is a higher PDI value for the 50-day particle size analysis 
compared to day 1 which indicates there is an increase in particle size distribution and may indicate 
the onset of dispersion destabilisation, however, on analysis of the number average particle size there 
is no statistical difference between day 1 and day 50. There is no observable evidence of 
agglomeration after 50 days of standing and in conjunction with particle size analysis it suggests that 
the dispersions where rGO is present (i.e. rGO to rGO-MWCNT90) are stable for over 50 days. The 
poor dispersion quality of the MWCNT sample described previously was confirmed through particle 
size analysis which showed a PDI value of 1.000 from day 1. This result highlights the necessity of 
rGO to act as a dispersing agent for the highly insoluble MWCNTs.  
Table 1 Nominal number average particle size and PDI data collected at day 1 and day 50 for the 
various compositions of rGO and MWCNTs 
 Day 1 Day 50 
Dispersion Nominal Number 
Average Particle size 
(nm) 
PDI Nominal Number 
Average Particle size 
(nm) 
PDI 
rGO 339 (± 172) 0.257 385 (± 220) 0.325 
rGO-MWCNT10 119 (± 71) 0.352 123 (± 66) 0.283 
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rGO-MWCNT33 133 (± 68) 0.263 170 (± 105) 0.382 
rGO-MWCNT50 152 (± 78) 0.265 201 (± 120) 0.358 
rGO-MWCNT85 168 (± 86) 0.262 170 (± 80) 0.219 
rGO-MWCNT90 166 (± 79) 0.228 226 (± 138) 0.377 
MWCNT 1603 (± 1603) 1.000 3279 (± 3279) 1.000 
 
There is an interesting drop in nominal number average particle size between rGO and rGO-
MWCNT10 at both day 1 and day 50. It is unclear as to why the particle size is larger for rGO alone 
but may be attributed to the way the graphene sheets and the CNTs interact in solution. Some 
suggest the sheets can wrap around the CNTs [18] while Shin et al. suggest the CNTs are attached to 
the edges and surfaces of the graphene sheets [52]. When GOx was added to the rGO-MWCNT 
composite dispersions on day 1 there was no statistical variation in number average particle size 
between before and after enzyme addition, 180 ± 80 nm and 164 ± 31 nm, respectively. This 
indicates that enzymes do not cause instabilities in the rGO- MWCNT dispersions. 
3.2 rGO-MWCNT-GOx Electrodes 
The aqueous nature of the rGO-MWCNT dispersions make them amenable to incorporation of 
enzymes for use in biological applications. Graphene [32] and carbon nanotubes [26] have been 
investigated separately for their ability to facilitate direct electron transfer (DET) in enzymatic 
systems. Here we test the validity of using a composite of these materials to achieve an enhanced 
enzymatic catalytic response. In order to investigate the ability of the composite electrodes to 
facilitate DET with immobilised GOx, the enzymes were mixed in the given composite dispersion 
and drop cast onto a polished GCE, immobilised with a thin layer of PEI and electrochemically 
tested in PBS (pH 7, 50mM) at 37˚C under an argon blanket. 
The pH of all the rGO-MWCNT dispersion was measured to be 10.0 and it was unknown if the GOx 
would remain in its active state in films formed from the basic dispersions. We have observed a 
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significant decrease in the enzyme activity when moving from a pH of 7 to 10 (see Supporting 
Information). This decrease in activity is attributed to a change in the enzyme structure [53].  Cyclic 
voltammetry (Figure 6) performed on these rGO-MWCNT-GOx electrodes in PBS (pH 7.4) clearly 
show a pair of well defined redox peaks with anodic peak (Epa) and cathodic peak (Epc) at -455 mV 
and -470 mV respectively, corresponding to 15 mV for ΔEp and a E° of −0.463 V. The E° value of 
GOx incorporated into the rGO-MWCNT electrode is in accordance with the typical characteristics 
of GOx electrochemistry in neutral pH solution [54]. This result demonstrates that despite GOx 
being incorporated into an rGO-MWCNT dispersion at pH 10 it still maintains its electroactivity in 
films formed from these dispersions. When GOx is drop cast directly onto GCE (i.e., no 
nanomaterial present) no peaks are evident  (Figure 6d) which is to be expected as many publications 
have investigated the relationship between carbon nanomaterials and their capacity to facilitate DET 
compared to bare electrodes with no nanomaterials [27][55]. Figure 6 shows other cyclic 
voltammogram profiles for rGO, rGO-MWCNT90 and MWCNT bioelectrode samples (Figure 6a, b 
& c, respectively). A large capacitive response is observed for the rGO containing samples, 
attributed to graphene’s high capacitance [46]. Its ability to communicate with immobilised enzymes 
is evident due to the oxidation and reduction peaks, which indicate the oxidation of GOx (FAD) to 
GOx (FADH2) and its subsequent reduction (equation 2). Interestingly, the MWCNT sample shows a 
slightly more resistive response and less defined redox peaks, contrary to other literature where an 
obvious GOx redox response [56] on CNT drop cast films is evident. This may be the result of the 
unstable nature of the dispersion with MWCNTs preferring to agglomerate together rather than 
interact with the enzyme, however, it is still unclear.  
The stability of the rGO-MWCNT10-GOx electrodes were characterised for a period of time under 
constant potential cycling at 10 mV/s in PBS (50 mM, pH7) between -0.7 to -0.2V. It was evident 
that without the immobilizing PEI layer being present the electrode lost 100% of its DET signal after 
1 hour, however, when a PEI layer is used to secure the components, the electrode retains 73% of its 
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anodic peak height after 4 hours of cycling. This result highlights the importance of the PEI layer to 
keep the enzyme immobilised.  
 
Figure 6 Cyclic voltammograms of electrodes (a) rGO-GOx (b) rGO-MWCNT90-GOx, (c) 
MWCNT-GOx and (d) GOx immobilised with PEI with no carbon nanomaterials present, in PBS at 
37˚C under argon at a scan rate of 10 mV/s (vs. Ag/AgCl). 
 
 Enzymatic catalytic current can be analysed through the addition of glucose to the PBS solution and 
monitoring the change in anodic peak (Ipa) height (after subtraction of the appropriate capacitive 
background current) (Figure 7a). This data provides information on the effectiveness of each 
composite electrode to facilitate DET, with larger changes indicating enhanced electron transfer 
efficiency from the FAD redox centre of the GOx to the composite electrode material. The catalytic 
current is plotted for each composite electrode (Figure 7b) with significant variation associated with 
the higher weight % MWCNT samples and more reproducible catalytic currents recorded for low 






















increase in film heterogeneity, which may be detrimental to the direct wiring of GOx. Catalytic 




Figure 7 (a) An example of an increase in Ipa in response to 150 mM glucose in solution for an rGO-

































The observed catalytic responses presented in Figure 7 indicate that the glucose can access the 
enzyme and that this enzyme is electrically wired to the electrode. These values can be directly 
compared to analyse the efficiency of each rGO-MWCNT ratio to facilitate DET. In this case the 
largest reproducible catalytic response came from the rGO-MWCNT10 composition. The rGO-
MWCNT10 system was subsequently used to determine the optimal GOx loading in terms of current 
generated per amount of GOx used (µA/µg). The average specific catalytic current for our best 
performing electrode (rGO-MWCNT10-GOx) composite, with an optimised enzyme loading of 
0.002:1 with respect to rGO (i.e., GOx: rGO), was 72 µA/µg GOx at 50mV/s. Other literature values 
for DET systems to date, using electrodes prepared using the same drop cast method, report 0.5 
µA/µg of GOx for a MWCNT/CTAB/GOx/Nafion composite [55], 0.12 µA/µg GOx for a Graphene 
Oxide/Chitosan/GOx electrode [57] and 0.06 µA/µg GOx for a mesoporous carbon/nafion/GOx 
system [58], at the same scan rate.  This equates to a 144-fold increase in efficiency for the 
electrodes prepared in this manuscript compared to the closest literature value.  The rGO-
MWCNT90-GOx and rGO-GOx samples measured 65 and 64 µA/µg of GOx, respectively, also 
demonstrating an enhanced specific catalytic performance. The significant improvement in specific 
catalytic current for the rGO-MWCNT composite electrodes compared to other literature values can 
be attributed to the higher activity achieved through enzyme purification and the ability of the 
composite to facilitate efficient direct electron transfer.  
Conclusions: 
We have optimised the process of fabricating stable solutions of highly conducting rGO and 
MWCNTs in an aqueous system without the need for additional stabilising agents. Dispersion 
quality was studied before and after the addition of the enzyme glucose oxidase, and it was 
determined through SEM, optical microscopy, zeta potential and size analysis that the dispersions 
remain stable for all rGO-MWCNT composites with MWCNT content between 10 and 90 wt%. 
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MWCNTs alone did not form stable dispersions under any conditions due to their extremely low 
solubility in water. This result highlights how effectively rGO acts as a dispersing agent for the 
otherwise insoluble MWCNTs. The optimal bioelectrodes were determined to be rGO-MWCNT10-
GOx which produced the largest reproducible catalytic response for the compositions tested, and 
upon optimisation of enzyme loading proved to out-perform other literature values by a factor of 144 
for specific catalytic current generated. The exceptional specific performance of the electrodes is 
attributed to the efficiency of the composite materials to facilitate direct electron transfer and the 
high specific activity of the purified enzyme. The ability to fabricate aqueous dispersions of highly 
conducting materials in conjunction with biological entities, like enzymes, provides opportunities for 
implementing other solution processable techniques to form a range of bioelectrodes. 
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Figure Captions: 
Figure 8  XPS data for GO dispersions before (a) and after (b) hydrazine reduction. 
Figure 9 FT-IR spectra of GO, rGO, GO-MWCNT10 and rGO-MWCNT10. 
Figure 10 Charge transfer resistance of GO and rGO drop cast electrodes as a function of MWCNT 
loading.  
Figure 11 SEM micrographs of rGO-MWCNT composite dispersions at various weight % 
MWCNTs drop cast on to Al foil. Inset: Optical images for each dispersion. White scale bars 
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represent 1 µm for SEM images and black scale bars represent 1 mm for optical images. (a) rGO, (b) 
rGO-MWCNT10, (c) rGO-MWCNT33, (d) rGO.MWCNT85, (e) rGO.MWCNT90 and (f) MWCNT.  
Figure 12 SEM micrographs of rGO-MWCNT and rGO-MWCNT-GOx composite dispersions drop 
cast on to Al foil. Inset: optical images for each dispersion. White scale bars represent 200 nm for 
SEM images and black scale bars represent 1 mm for optical images. (a) rGO-MWCNT10, (b) rGO-
MWCNT10-GOx, (c) rGO-MWCNT90 and (d) rGO-MWCNT90-GOx. 
Table 2 Nominal number average particle size and PDI data collected at day 1 and day 50 for the 
various compositions of rGO and MWCNTs 
Figure 13 Cyclic voltammograms of electrodes (a) rGO-GOx (b) rGO-MWCNT90-GOx, (c) 
MWCNT-GOx and (d) GOx immobilised with PEI with no carbon nanomaterials present, in PBS at 
37˚C under argon at a scan rate of 10 mV/s (vs. Ag/AgCl). 
Figure 14 (a) An example of an increase in Ipa in response to 150 mM glucose in solution for an 
rGO-MWCNT90-GOx sample vs. Ag/AgCl and (b) the catalytic current as a function of wt% 
MWCNTs. 
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